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Nanosized amorphous alloy powders of Co,,Nig, and Cos,Nis, have been prepared by sonochemical decomposition of solutions
of volatile organic precursors, Co(NO)(CO); and Ni(CO), in decalin, under an argon pressure of 100 to 150 kPa, at 273 K. The
amorphous nature of these particles was confirmed by various techniques, such as SEM, TEM, SAED, and XRD. A transmission
electron micrograph of the heated Co,,Nig, sample showed near uniform particles with sizes less than 10 nm. Magnetic
measurements indicated that the as-prepared amorphous CoNi alloy particles were superparamagnetic. The observed
magnetization, measured up to a field of 15 kG, of the annealed Co,,Nig, sample (54 emu g~ ') was significantly lower than that
for the reported multidomain bulk particles (75 emu g~ !), reflecting the ultrafine nature of our sample. Thermogravimetric
measurements of Co,,Nig, with a permanent magnet yielded a glass transition temperature of 338 °C for the amorphous form, and
a Curie temperature of 565 °C for the crystallized form. The differential scanning calorimetry showed crystallization temperatures
of 400 °C for Co,,Nig, and 365 °C for Cos,Nis, amorphous samples.

Amorphous alloys—metallic glasses or glassy metals obtained
by rapid quenching of the melt—Iack the long range atomic
order of their crystalline counterparts. Unlike conventional
glasses, which are basically molecular glasses consisting of long
chains or networks of covalently bonded atoms, amorphous
alloys are essentially atomic glasses in which each atom
constitutes a structural unit. Because of their unique electronic,
magnetic, and corrosion-resistant properties,!™ they are of
technological importance. Ferromagnetic amorphous alloys
containing Fe and Co have excellent soft magnetic properties
equivalent or superior to those of conventional materials.
Some uses include magnetic storage media and power trans-
former cores.® Resistivities of the amorphous alloys are gener-
ally 2 to 4 times larger than the corresponding transition metal
crystalline alloys without the glass formers. This results in a
smaller eddy current contribution to the permeability and
losses, which is very important at higher frequency device
applications.®

In the past few years, there has been a literary explosion of
both theoretical and experimental results on amorphous mag-
netic alloys. Many series of alloys have now been reported as
composed of transition metal alloys with a wide variety of
metalloids such as transition metal-metalloid alloys (TM-M)
and rare earth—transition metal (RE-TM) alloys. The TM—M
alloys typically contain about 80 atom% Fe, Co, Ni with
remainder being B, C, Si, P or Al as glass formers. The presence
of metalloids lowers the melting point making it possible to
quench the alloy through its glass transition temperature
rapidly enough to form the amorphous phase. Once produced,
the same metalloids stabilize the amorphous phase, but their
presence drastically alters the magnetic properties of the alloys.
The change in magnetic properties is due to the change in the
electronic environment brought about by donating electrons
to the d-band and thus lowering the saturation magnetization
(M) and Curie temperature (7;). Among the TM—-M systems,
the Co—Ni alloy system has been least explored, and most of
the studies have focused on the Fe-Ni or Fe—Co systems. The
Co—-Ni alloy system is important since its zero magnetocrystal-
line anisotropy composition, Co,,Nig,, makes this alloy system
potentially important, especially as a magneto-strictive trans-
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ducer material.” As in pure Co, the hexagonal close-
packed«—face-centred cubic (hcp<—fcc) martenistic phase trans-
formation has likewise been observed in the Co—Ni alloy
system.%-° In pure cobalt, the mean transformation temperature
is ca. 420 °C, which can be reduced to room temperature by
the addition of 32% Ni. The interesting feature of the Co—Ni
system is its structural evolution, which is exhibited in its
reverse transformation (fcc—hcep) on cooling. The Co—32% Ni
shows the reverse transformation at about 120 K on cooling.’
Blanco et al.l® have prepared metallic glass ribbons of the
alloy system (Co, _ \Ni,);5S1;5B;o (x=0, 0.08, 0.15, 0.22) by the
roller quenching method. They found that Curie temperatures
of the samples were less than room temperature for the values
of x higher than 0.22. Amamou!! has prepared amorphous
alloy foils of (Co,Ni; _.)o.75Po 14Bo.0s (0<x<1) by the rapid
quenching method, using the piston-anvil technique. In another
study, Gyorgy et al.!? have reported the variation of room
temperature saturation magnetization and Curie temperature
in the alloy system (Co; — \Ni. ) 75P0.16Bo.0sAlo.03, as a function
of the composition of transition metals. Quasi-binary Ni-Co-B
amorphous/crystalloid multilayer films of Ni-Co—B have also
been prepared by the electrodeposition method.!?

To our knowledge, no amorphous Co-Ni binary alloy
system without any glass former (metalloid) has been reported,
so far, in the literature. Recently, Uzawa et al.'* have reported
the preparation of ultrafine crystalline alloy particles of Fe—Ni,
Fe-Co, and Co-Ni systems by leaching amorphous
Al-Ni-Fe—Ce, Al-Co—Fe—Ce, and Al-Ni—Co—Ce ribbons pre-
pared by melt spinning. Submicron-sized crystalline Co—Ni
powders were prepared by precipitation in liquid polyols from
cobalt and nickel mixed hydroxides.!> Here, we discuss the
sonochemical synthesis and characterization of nanosized
amorphous Co—Ni particles.

Acoustic cavitation (the formation, growth, and subsequent
implosive collapse of a bubble in an ultrasonically irradiated
liquid) generates a transient localized hot spot with an effective
temperature of 5000 K and a sub-microsecond collapse
time.’*'® The rapid cavitational cooling rate (>10° K 's™!) is
much higher than that obtained by the conventional melt-
spinning'® (10° to 10°K s™!) technique used to prepare
amorphous materials.

The foremost criterion for achieving a good sonochemical
yield is that the precursor should be volatile, because the
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primary sonochemical reaction site is the vapor inside the
cavitation bubbles.?® Second, the solvent vapor pressure should
be lower at the sonochemical temperature, since solvent vapor
inside the bubble reduces the collapse efficiency. Suslick et al.
have employed this new sonochemical method for the prep-
aration of nanosized amorphous powders of Fe, Co, and their
alloys,>2* as well as metal carbide Mo,C.**

We have reported the preparation of amorphous Ni powder
by sonochemical decomposition of nickel tetracarbonyl
(Ni(CO),) as neat liquid or solution in decalin (decahydronaph-
thalene).?> By varying the precursor, iron pentacarbonyl
(Fe(CO)s), we were able to control the particle size of amorph-
ous Fe?® Nanosized amorphous powders of 7y-Fe,03,%’
NiFe,0,2® and Fe-Ni alloy?® were also prepared by the
sonochemical method.

Experimental

The precursor, cobalt nitrosyl tricarbonyl, was prepared by
the usual method. Nickel tetracarbonyl was distilled before
use. Nickel tetracarbonyl is a highly poisonous liquid with a
high vapor pressure. It is very sensitive to air and moisture,
so care should be taken in handling it. Pentane and decalin
were dried with sodium metal or a no. 4 molecular sieve and
stored in a glove box. The precursor solution was degassed by
purging with high purity argon (<10ppm O,) prior to
sonication.

Co—Ni alloy was prepared by ultrasonic irradiation of a
0.25 M solution of Co(NO)(CO); and Ni(CO), in decalin at
273 K, under 100 to 150 kPa (1 to 1.5 atm) argon, with a high
intensity ultrasonic probe (Sonics and Materials, Model VC-
600, 1.25cm Ti horn, 20kHz, 100 Wcm~2). After 3h
irradiation, a black powder was obtained, which was centri-
fuged and washed with dry pentane in a glove box. Centrifuging
and washing were repeated at least five times, and the product
was then dried under vacuum. The two compositions of Co—Ni
(Co,oNigy and CosoNiso) were prepared by varying the concen-
tration of the precursors in solution. Amorphous cobalt and
nickel were also prepared by following the same method and
conditions.

Powder X-ray diffractograms were recorded on a Rigaku X-
ray diffractometer (Cu-Ka radiation, A=0.15418 nm). Scanning
electron micrographs and energy dispersive X-ray analysis
(EDX) were carried out on a JEOL JSM-840 electron micro-
scope. Transmission electron micrographs were obtained with
a JEOL JEM100SX electron microscope. Magnetization loops
were measured at room temperature, using an Oxford
Instruments vibrating sample magnetometer. Surface areas
(BET method) were measured on a Micromeritics Gemini
surface area analyzer. Magnetic force measurements were
carried out on a Mettler TGA4000 with a small permanent
magnet. Differential scanning calorimetry (DSC) thermograms
were obtained on a Mettler-Toledo DSC 25 calorimeter at a
heating rate of 10°Cmin~! under flowing pure argon
(50 ml min~!). Elemental analyses were carried out on EA
1110 CHNS-O analyzer. All sample preparations and transfers
for these measurements were done inside the glove box.

Results and Discussion

We have noticed that the sonochemical efficiency for decompo-
sition is less for Co(NO)(CO); than for Ni(CO),, so it is
necessary to use an initial excess of Co(NO)(CO); to obtain
the required alloy composition. Earlier, for the preparation of
Fe—Ni alloys,?® we have observed the same phenomenon, and
there we had to use an initial excess of Fe(CO)s. The poor
reactivity of Co(NO)(CO); can be traced to its lower vapour
pressure when compared to Ni(CO),. As the precursor’s vapor
pressure increases, its concentration in the bubble (i.e. the gas
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phase within the collapsing cavity) increases linearly, thus
increasing the observed sonochemical reaction rate.

Alloy compositions were determined by elemental and EDX
analyses. The EDX profiles of Co,,Nig, and Cos,Nis, are
shown in Fig. 1 and 2. Since the atomic numbers of Ni and
Co are similar, the ratio of the X-ray intensities from these
elements approximates the alloy composition. Since the
<10 nm size of these particles is much smaller than is the
100 nm free path for X-ray transmission through solids, the X-
ray intensities need not be corrected for absorption and
fluorescence effects.

The elemental analyses of the as-prepared samples show
that the amorphous alloy powders have over 95% metal by
mass, with small amounts of carbon (<3%) and oxygen
(<2%). The presence of carbon and oxygen is presumably a
result of the decomposition of alkane solvents or adsorbed CO
during ultrasonication. The IR spectra of the as-prepared
samples showed peaks at 2100 cm ~! characteristic of adsorbed
CO molecules on the surface. These adsorbed impurities
probably play an important role in stabilizing the amorphous
structure of the samples.?® The elemental analyses of the
annealed samples (heated at 300°C under high-purity Ar
for 10 h) showed only <0.5% of C, H and O, individually,
and this indicated that the adsorbed surface impurities were
almost completely removed. The presence of small amounts of
C and O could be anticipated from the formation of metal
carbides and oxides, during sonication or heating processes.
Adsorbed carbonyls on amorphous metals can lead to metal
carbides. Suslick et al. had reported the formation of Mo,C
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Fig. 2 EDX profile for amorphous Cos,Nis,



from adsorbed carbonyl on molybdenum on heating.?* These
impurity phases are far less than the detectable level of XRD.

The amorphous nature of the alloy particles was confirmed
by various techniques, including SEM, TEM, electron micro-
diffraction, and X-ray diffraction. A scanning electron micro-
graph of alloy powder shows coral-like features typical for
non-crystalline materials. The TEM images of the as-prepared
and heated samples of Co,,Nig, are shown in Fig. 3. Fig. 3(a)
shows no evidence of crystallite formation and indicates that
the alloy powders are agglomerates of small particles with
overall diameters < 10 nm. Most of the particles are aggregated
in a sponge-like form, so it is difficult to determine the particle
size exactly. The TEM microdiffraction pattern (inset) of the
alloy particles shows only diffuse rings characteristic of
amorphous materials. However, a TEM image of the heated
specimen [ Fig. 3(b)] clearly shows near uniform particles with
sizes less than 10 nm. The ED pattern (inset) indicates that
these particles are nanocrystalline. The X-ray diffraction pat-
tern for amorphous Co,,Nig,, as well as the heated (at 450 °C
for 5h under argon) samples of a-Co, y-Ni, Co,,Nig,, and
CosoNis, are depicted in Fig. 4. The X-ray diffractogram of
the amorphous solid [Fig. 4(a)] shows a broad peak centered
around a 260 value of 44.6°. No sharp diffraction patterns
characteristic of crystalline phases appear. After heat treatment
under pure argon (<10 ppm O,) at 450 °C for 5 h, to induce
crystallization, lines characteristic of Co—Ni (fcc) appear. The
lack of any feature at 26 values of 41.72 and 47.60° (A=
0.15418 nm), which are the observed positions [see Fig. 4(b)]
of crystalline cobalt, hcp a-Co (10.0) and (10.1), respectively,
confirms that the Co and Ni become alloyed, rather than
forming separate grains. Even for the higher concentration of
Co in CosoNisg, the phase is still fcc and not hep. This is in
accordance with the reported equilibrium structural phase
diagram of Co—Ni binary alloys.>°
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Fig. 3 TEM images of Co,,Nig, sample with micro-diffraction pattern
(inset): (a) as-prepared amorphous, (b) crystalline (heated at 450 °C
for 5h)
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Fig. 4 XRD patterns for: (a) amorphous Co,,Nig,, (b) crystalline o-
Co, (c) crystalline Co,,Nig, (d) crystalline Cos,Nis, (e) crystalline y-Ni

Room temperature magnetization curves of the as-prepared
amorphous samples of Co,,Nig, and CosNis, are shown in
Fig. 5. The curve of the amorphous samples does not reach
saturation even at a magnetic field of 15 kG, and no hysteresis
is found, indicating that the as-prepared (amorphous) Co—Ni
particles are superparamagnetic. The magnetization (M) wvs.
field (H) curve is not found to be pure Langevin type owing
to the distribution of particle sizes and the randomly oriented
anisotropy axes. Fig. 6 shows the magnetization curves of the
annealed samples of Co,,Nig, heated for 5 h at 300 and 450 °C,
respectively. The observed values of magnetization of the
annealed samples, 11 and 54 emu g~ ! (for heating at 300 and
450 °C, respectively), at a high field of 15 kG, are significantly
lower than that for the reported!®> multidomain micrometer-
sized Co—Ni powder (75 emu g~ '), and this reflects the ultrafine
nature of our sample. The BET surface areas of the amorphous
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Fig. 5 Room temperature magnetization curves of: (a) amorphous
Co,(Nig, (b) amorphous Cos,Nis,
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Fig.6 Room temperature magnetization curves of amorphous
Co,oNig,: (a) heat-treated at 300 °C for 5 h, (b) heat-treated at 450 °C
for 5h

and the heated samples of Co, Ni and Co—Ni alloys are given
in Table 1. The decrease in the surface area of the heated
sample is due to the increase in particle size because of sintering
that occurs on heating. Specifically, the difference in the
magnetization value between micrometer-sized and our nano-
sized materials can be attributed to the small particle size
effect. It is known that magnetic properties, like saturation
magnetization and magnetic hyperfine field value, of nanopart-
icles are much smaller than those of the corresponding bulk
materials.?8-2%31:32 The energy of a magnetic particle in an
external field is proportional to its size or volume via the
number of magnetic molecules in a single magnetic domain.
When this energy becomes comparable to kT, thermal fluctu-
ations will significantly reduce the total magnetic moment at
a given field. On the other hand, the difference in magnetization
for the two samples annealed at 300 and 450°C can be
attributed to the following effects. (@) Increase of the particle
size for the sample annealed at 450°C. This can be readily
shown by the decrease in the surface area of the sample
compared to the one annealed at 300 °C. (b) Crystalline nature
of the sample annealed at 450°C. The XRD of the samples
annealed at 300 °C, shown in Fig. 7, does not show well defined
peaks characteristic of crystalline material. It is known that
the magnetization of the crystalline materials is larger than
that of the amorphous material. The disordered spins in the
amorphous system lead to a dispersion in the exchange con-
stant which can suppress the magnetic moment. (c¢) The large
surface area to volume ratio for small particles. The magnetic
molecules on the surface lack complete coordination and also
the spins are disordered. (d) The small impurities of metal
oxides and carbides can also decrease the total magnetization.

Fig. 8(a) shows the result of a magnetic force measurement,
obtained with a thermogravimetric balance, on an amorphous
Co,,Nig, sample. The percentage change in mass is plotted as
a function of increasing temperature. The early decrease in
mass is due to the removal of adsorbed impurities. To check
this, we performed an FTIR spectral study. We found that the
as-prepared samples of Co—Ni contain strongly adsorbed CO

Table 1 Specific surface areas per unit mass of amorphous and heated
samples of a-Co, y-Ni, Co,,Nigy, and CosyNis,

surface area/m? g~ !

sample amorphous heated at 300°C heated at 450°C
a-Co 110 58 23
v-Ni 76 55 25
Co,0Nig 150 50 34
CosoNisq 135 43 30
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Fig. 7 XRD patterns for amorphous Co,,Nig, sample: (a) heat-treated
at 300 °C for 5 h, (b) heat-treated at 450 °C for 5 h
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Fig. 8 Thermogravimetric measurements with a magnet on: (a) amor-
phous Co-Ni powder (solid line), (b) amorphous Fe—-Ni powder
(dashed line)

and hydrocarbon solvents on the surface. This is logical, since
these nanostructured amorphous materials are highly porous,
having a high surface area. The amorphous sample has a glass
transition temperature (T;) of 338 °C, and the Curie tempera-
ture (T;) associated with the crystalline form of the alloy is
observed at 565°C. The behavior of the amorphous Co—Ni
alloy system is very similar to the amorphous Fe—Ni reported
earlier®® [Fig. 8(b)].

The differential scanning calorimetric (DSC) curves of the
as-prepared amorphous Co—Ni samples (Co,Nig, and
Cos,Nis,) are shown in Fig. 9. Wide endothermic peaks below
300 °C, centered around 265 and 225°C for Co,,Nig, and
Cos,Nis, samples respectively, are seen on these DSC curves.
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Fig. 9 Differential scanning calorimetric curves of the samples:
(a) amorphous Co,yNig, (dashed line), (b) amorphous Cos,Nis, (solid
line)
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Fig. 10 Differential scanning calorimetric curves of amorphous
CosoNisg: (a) as prepared (solid line), (b) heat treated at 300 °C for
10 h (dashed line), (c) the second run after cooling to room temperature
(dot—dashed line)

Both these peaks disappear in the successive runs of the DSC
and this indicates that they are desorption endotherms of the
adsorbed surface impurities. The crystallization behavior of
the two samples differs. The Co,yNig, sample shows a wide
exothermic peak centered around 400 °C whereas the crystalliz-
ation peak of the CosoNis, sample is a sharp one at 365 °C.
However, in this sample, the sharp exothermic peak is seen
immediately followed by another sharp endothermic one. To
check the possible role of the contaminants on this endotherm
at 390°C, we have examined the DSC curve of a Cos,Nis,
sample, after annealing at 300 °C for 10 h to completely remove
the surface adsorbed impurities. The endothermic peak is still
seen on the DSC curve [see Fig. 10(b)], though shifted to
400 °C. However, it is completely removed in the successive
run [see Fig. 10(c)] showing the irreversible nature of the
transition. From these observations, we believe that the second
endotherm of the Cos,Nis, sample has to do with some kind
of phase transition, the nature of which is not yet clear.
Systematic and detailed studies, like thermomagnetometry
(TM), and variable temperature XRD, are required.

Conclusions

Sonochemical decomposition of the solutions of volatile
organic precursors, Co(NO)(CO); and Ni(CO), in decalin at
273 K, under an argon pressure of 100 to 150 kPa (1 to 1.5
atm), yield amorphous, nanosized Co—Ni alloy particles. The
composition of these alloy particles can be controlled by
varying the initial precursor concentration in solution.
Magnetic data indicate the superparamagnetic nature of the
as-prepared amorphous sample and also the ultrafine nature
of the crystallized sample.
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